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Although pathogenesis of human rheumatoid arthritis (RA) 
remains unclear, arthritogenic T cells and downstream signal- 
ing mediators have been shown to play critical roles. An in- 
creasing numbers of therapeutic options have been added 
for the effective control of RA. Nevertheless, there is still a 
category of patients that fails treatment and suffers from 
progressive disease. The recently developed immunosup- 
pressant CP-690550, a small molecule JAK kinase inhibitor, 
has been implicated as an important candidate treatment 
modality for autoimmune arthritis. In this study, we evaluated 
the therapeutic effect of CP-690550 on established arthritis 
using an SKG arthritis model, a pathophysiologically relevant 
animal model for human RA. CP-690550 treatment revealed 
remarkable long-term suppressive effects on SKG arthritis 
when administered to the well-advanced disease (clinical 
score 3.5~4.0). The treatment effect lasted at least 3 more 
weeks after cessation of drug infusion, and suppression of 
disease was correlated with the reduced pro-inflammatory 
cytokines, including IL-17, IFN-7, and IL-6 and increased 
level of immunoregulatory IL-10. 
[Immune Network 2013;13(6):257-263] 

INTRODUCTION 

Rheumatoid arthritis (RA) is a chronic inflammatory disease 



primarily that affects synovial tissues and results in the de- 
struction of the affected joints (1). A variety of activated in- 
flammatoiy cells, including innate and adaptive immune cells, 
appear to be involved in the destruction of the cartilage (1, 
2). Although the pathogenesis of this disease is multifactorial, 
RA susceptibility and severity have been associated with the 
presence of certain HLA class II alleles (3,4), which identifies 
T cells as an important mediator in the pathological processes 
underlying RA (5). T-helper cell phenotypes of RA typically 
exhibit a Thl-mediated response, and these T cells contribute, 
either directly or indirectly, to the proinflammatory cascade, 
in which cytokines play an essential role (3,6). Among these 
cytokines, aimor necrosis factor- a (TNF- a ) has been im- 
plicated as the principal mediator of synovitis, and the neu- 
tralization of TNF- a activity results in an amelioration of 
RA-associated inflammation (7-9). In addition to TNF- a , in- 
flammatory cytokines, such as IL-1, IL-6, IL-15, and IL-18, 
have also been reported to exacerbate the disease process, 
whereas IL-10 has been shown to suppress arthritis in several 
animal models (9-11). Recently defined Thl7 cells and IL-17 
they produce have been highlighted in the pathogenesis of 
RA (12-15). IL-17 induces production of inflammatory cyto- 
kines and mediators, such as IL-6, IL-1 /? , TNF- a , and PGE2, 
from synovial fibroblasts and macrophages and promotes ex- 
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pression of adhesion molecules (l6). In addition, IL-17 in- 
duces expression of a TNF superfamily member, receptor ac- 
tivator of nuclear factor- /cB ligand, which promotes osteoclast 
differentiation and leads to bone destruction (14). 

CP-690550 is a newly developed inhibitor of JAK that has 
been shown to have the highest specificity and efficacy for 
JAK3 kinase inhibition in vitro relative to other known JAK3 
inhibitors (17). Furthermore, CP-690550 prolongs allograft 
survival in murine and primate models with single mode ther- 
apy without any need for combined treatment with other im- 
munosuppressants (17-19). Prolongation of allograft survival 
by CP-690550 operates through reduction in the numbers of 
T and NK cells and inhibition of effector cytokine production 
(20). In our previous report, CP-690550 treatment during the 
initial period of disease induction showed long-term disease 
protection in an allogeneic murine acute graft-versus-host dis- 
ease (GVHD) model through preferential inhibition of IFN- 7 - 
producing Thl differentiation (21). A recent report also sug- 
gested that CP-690550 modulates both innate and adaptive 
immune responses affecting production of inflammatory me- 
diators and T-helper cell differentiation (22). In addition to 
transplantation and associated GVHD, treatment window of 
CP-690550 has been extended to autoimmune inflammatory 
diseases, such as RA and psoriasis (23-26). Thus, it is mean- 
ingful to evaluate the long-tenn effect of CP-690550, in a mur- 
ine model of arthritis more relevant to human RA as shown 
in a GVHD model. 

In this study, we investigated the long-term therapeutic ef- 
fect of CP-690550 on the pathogenesis of SKG arthritis, a ani- 
mal disease model showing similar immunological, histo- 
pathological, and clinical characteristics with human RA (27). 
CP-690550 treatment remarkably suppresses disease pro- 
gression in an SKG arthritis inodel when administered after 
the disease progresses to moderate-to-severe joint inflamma- 
tion (score 3. 5 ~ 4.0), and suppression of disease continues 
after cessation of CP-690550 treatment. Amelioration of dis- 
ease severity correlates with reduced levels of pro-inflam- 
matory cytokines, including IL-6, IL-17, and IFN- 7 , and in- 
creased levels of IL-10 in joint tissue compared to a ve- 
hicle-treated control. Inflammatory cell infiltration in joint tis- 
sue and cavity is also decreased in CP-690550-treated mice 
compared to a vehicle-treated control. Thus, CP-690550 treat- 
ment has therapeutic effects on established SKG arthritis, and 
these effects continue after cessation of the treatment. 



MATERIALS AND METHODS 

Mice 

SKG mice in a BALB/c genetic background were kindly pro- 
vided by Dr. Shimon Sakaguchi (Department of Experimental 
Pathology, Institute for Frontier Medical Sciences, Kyoto 
University, Kyoto, Japan). Female SKG mice at 10~12 weeks 
of age were used for experiments. BALB/c mice were ob- 
tained from the Jackson Laboratory (Bar Harbor, MA, USA). 
All mice were bred and maintained at the animal facility of 
Seoul National University College of Medicine. All animal ex- 
periments were performed with the approval of the Institutio- 
nal Animal Care and Use Committee at Seoul National 
University. 

Arthritis induction and CP-690550 administration 

SKG mice were intraperitoneally injected with curdlan (3 mg 

for each WAKO, Osaka, Japan). CP-690550 was chemically 
synthesized, dissolved in polyethylene glycol 300 (Sigma- 
Aldrich, St Louis, MO, USA), and administered continuously 
for 14 or 28 days using osmotic mini-pumps (30 mg/kg/day; 
Alzet, Cupertino, CA, USA). When the clinical score of arthri- 
tis reached between 3.5 and 4.0 on average, osmotic pumps 
containing CP-690,550 were implanted into the recipients. 
Joint inflammation was monitored by inspection and scored 
according to the previous report (9) with some modifications: 
0.1, swelling of 1 finger joint; 0.5, mild swelling of a wrist 
or an ankle; 1.0, moderate swelling of a wrist or an ankle; 
2.0, severe swelling of a wrist or an ankle. The scores for 
all digits, wrists, and ankles were summed for each mouse. 

iHistopcthologicai analysis 

Paws from mice placed in 4% buffered paraformaldehyde, de- 
calcified in 5% nitric acid, embedded in paraffin, sectioned, 
and stained with hematoxylin and eosin for histopathologic 
analysis. 

Intraceiluiar cytol<ine staining 

Peripheral lymph nodes (popliteal and axillaiy) and the 
spleen were harvested from mice treated with curdlan, and 
single-cell suspensions were prepared. Cells were stimulated 
with 50 ng/ml PMA (Sigma-Aldrich, St Louis, MO, USA) and 
1 /ug/ml ionomycin (Sigma-Aldrich, St Louis, MO) for 4 hours. 
Brefeldin A (BD-Pharmingen, San Diego, CA, USA) was add- 
ed for the last 2 hours of incubation. In vitro stimulated cells 
were stained with antibodies against CD4 and CDS a (BD 
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Pharmingen), fixed with 4% paraformaldehyde (Sigma- 
Aldrich), and permeabilized with Triton buffer (0.5% Triton 
X-100 plus 0.1% bovine serum albumin in PBS). Cells were 
subsequently stained with PE-conjugated anti-IL-17 (TCll- 
18H10, BD Pharmingen) and APC-conjugated anti-IFN- 7 
(XMG1.2. eBioscience, San Diego, CA, USA) antibodies. Flow- 
cytometric analysis was conducted using a FACSCalibur ' sys- 
tem (Becton Dickinson, San Jose, CA, USA), and data were 
analyzed using Flowjo software (Treestar, Ashland, OR, USA). 

RT-PCR 

Total RNA was isolated from lung tissues using Trizol (Invitro- 
gen). Complementary DNA generated from 1 ug oi total RNA 
by Superscript II (Invitrogen, Carlsbad, CA). The following 
primer pairs were used for PCR: lL-6, 5'-GACAAAGCCAGAG- 
TCCTTCAGAG-3'/5'-CTAGGTTTGCCGAGTAGATCTC-3'; 
IL-10, 5'-TGAAGCTTCTATTCTAAGGCTGGCC-3V5'-CTGAG- 
CTGCTGCAGGAATGATCATC-3'; IL-17, 5'-TCCAGAAGGCCCT- 
CAGACTA-3V5'-ACACCCACCAGCATCTTCTC-3'; GAPDH, 5'- 
CCCACTAACATCAAATGGGG-3V5'-ATCCACAGTCTTCTGGG 
TGG-3'. 

Statistics 

All of the values shown are the mean ± standard error of the 

mean (SEM) of each group. Statistical analysis of the arthritis 
clinical scores was performed using the one way ANOVA 
(version 5, GraphPad Sorftware, San Diego, CA, USA). 



-•- Vehicle 

-■- CP-690550(14D) 




Days 

Figure 1. Effects of CP-690550 on arthritis in SKG mice. SKG mice 
were intraperitoneally injected with curdlan. Osmotic pumps con- 
taining CP-690550 were implanted into the recipients at 14 days after 
curdlan injection. Data shown were obtained from a single experi- 
ment representative of 3 identical experiments; values are expressed 
as mean+SEM (5 mice per group). 



RESULTS 

CP-690550 treatment inhibits disease progression of es- 
tabiistied SKG arthritis 

Arthritis was induced in female SKG mice by intraperitoneal 
injection of fungal protein curdlan (3 mg for each) (28). Joint 
inflammation became evident from the interphalangeal joints 
2 weeks after curdlan injection and was clinically scored by 
adding the disease scores of all the joints involved according 
to the previous report (9). To evaluate the therapeutic effect 
of CP-690550 on established disease, SKG mice with arthritis 
progression to clinical score between 3.5 and 4.0 were con- 
tinuously administered with CP-690550 or vehicle using sub- 
cutaneously embedded osmotic pumps. CP-690550 treatment 
halted the disease progression and gradually reduced the se- 
verity of arthritis as assessed by clinical score (Fig. 1), where- 
as in the vehicle-treated control, the severity of arthritis pro- 
gressed to the maximal clinical score (Fig. 1). Improvement 
of disease pathogenesis in terms of clinical score continued 
after cessation of CP-690550 treatment. Therapeutic effect of 
14-day treatment of CP-690550 was comparable to 28-day 
treatment, and the therapeutic effect continued at least 3 more 
weeks after cessation of CP-690550 infusion (Fig. 1). 

Histopathological analysis of vehicle-treated control mice 
sacrificed 48 days of after cudlan injection revealed massive 
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Figure 2. CP-690550 reduced inflammatory cell infiltration and 
pathology in ankle joints of arthritis induced mice. At 48 days after 
arthritis induction, paws of the vehicle (A, B) or CP-590550 (C, D) 
treated mice were fixed in 4% paraformaldehyde, decalcified, and 
embedded in parafl^in. Joint sections (5 mm) were prepared and 
stained with hematoxylin and eosin. These sections were examined 
under light microscopy (original magnification, xlOO). 
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Figure 3. CP-690550 reduced IL-17 
production in arthritis induced mice. 
Lymph nodes and spleens were 
harvested at 18 days post arthritis 
induction and were re-stimulated 
with PMA plus ionomycin followed 
by intracellular cytokine staining. 
Cells were analyzed using flowcyto- 
meter after staining with antl-CD4, 
anti-IL-17 and anti-IFN-r antibodies. 
The data are representative of two 
independent determinations. 



inflammatory cell infiltration into the joint tissue and abun- 
dant cellular exudates in the joint cavity (Fig. 2A). Mononu- 
clear cells with lymphocyte and macrophage morphology 
were the predominant infiltrated inflammatory cells, and scat- 
tered aggregates of neutrophils were also evident in the artic- 
ular tissue. Bone erosions were found at several spots in the 
tibia adjacent to the ankle joint (Fig. 2A). CP-690550 treat- 
ment dramatically reduced inflammatory cell infiltration into 
the joints and most of the remaining cells were mononuclear 
cells with little neutrophil infiltration (Fig. 2B). Bone erosion 
due to pathogenesis of the disease was not visible in the 
CP-690550-treated group at \his time point (Fig. 2B). 

CP-690550 treatment Intilblted Ttil 7 differentiation of 
CD4+ T cells 

To evaluate underlying immunopathological differences fol- 
lowing CP-690550 treatment, lymphocytes from draining pop- 
liteal and axUlary lymph nodes and splenocytes were ob- 
tained on day 18 and stimulated ex vivo with PMA and ion- 
omycin for 4 h, and intracellular cytokine analysis was 
performed. In agreement with the previous reports, IL-17- 
producing T-helper (Thl7) cells were predominant in the cur- 
dlan-injected arthritic SKG mice, with a few IFN- 7 -producing 
T-helper cells in secondary lymphoid organs (Fig. 3). CD4^ 
IL-17^ cells in lymphoid organs were dramatically decreased 
by CP-690550 treatment compared to the vehicle-treated con- 
trol mice (Fig. 3). Quantitative RT-PCR analysis of the affected 
joint tissue on day 18 revealed increased proinflammatory cy- 
tokines, including IL-6, IL-17, and IFN- / in the vehicle-treat- 



IL-6 IL-10 




Figure 4. CP-690550 reduced transcription of pro-inflammatory 
cytokines, but increased transcription of lL-10. Total RNA was purified 
from joint tissue at day 18 post arthritis induction and mRNA 
expression was detected for IL-6, IL-10, IL-17 and IFN-r by RT-PCR. 
The data are representative of two independent determinations {n=3 
mice per group for each experiment). 

ed control mice, and all of the cytokines were reduced in 
the articular tissue of the CP-690550-treated SKG mice (Fig. 
4). Major immunoregulatory cytokine, IL-10 was increased in 
the CP-690550-treated mice compared to the vehicle-treated 
control mice (Fig. 4). 

DISCUSSION 

SKG mice are originally characterized by spontaneously de- 
veloping arthritis. An altered codon l63 from tryptophan to 
cysteine (^1630) through point mutation of zeta-chain-asso- 
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dated protein kinase 70 (ZAP-70), the critical signaling mole- 
cule of T-cell receptors (TCRs), is the key genetic defect in 
SKG mice (27). Abnormal ZAP-70 molecules in SKG mice 
thus lead to decrease in the signaling strength of TCRs and 
peptide-MHC antigen interactions. Consequently, appropriate 
signaling adjustments during the positive and negative se- 
lection of autoreactive T cells in the thymus are compromised 
(29), and the mature T cells of SKG mice show inherent au- 
toreactivity to self antigens (27,29). SKG mice spontaneously 
develop chronic arthritis, which is characterized by sub- 
synovial inflammatory cell infiltration, proliferation of syno- 
viocytes, pannus formation, and accompanying neovasculariz- 
ation, which closely resembles articular manifestations of hu- 
man RA (27). Moreover, SKG mice also reveal systemic mani- 
festations characteristic of human RA, such as interstitial 
pneumonitis and subcutaneous nodules (1,4,27). As SKG 
mice show similar immunological, histopathological, and clin- 
ical features as human RA, evaluation of long-term ther- 
apeutic effects of CP-690550 on established arthritis in an SKG 
model is important in translating therapeutic effect of this 
newly developed JAK inhibitor to human RA. 

CP-690550 was originally developed through in vitro kinase 
inhibition assay (17), and the sensitivity and specificity of the 
drug was also confirmed using cell-based co-transfection as- 
say in our previous report (30). In this study, we found that 
administration of CP-690550 following disease progression to 
intermediate-to-severe joint disease dramatically reduced the 
pathogenesis of established chronic arthritis in an SKG mice 
model, and suppression of joint inflammation was correlated 
with reduced inflammatory cell infiltration and proinflamma- 
tory cytokine expressions including IL-6, IL-17, and IFN- 7 . 
Moreover, significantly increased levels of IL-10, a major im- 
munoregulatory cytokine (31,32), in the CP-690550-treated 
mice compared to the vehicle-treated control mice explained 
the long-term therapeutic effects of CP-690550. In addition, 
the key inhibitory effect of CP-690550 include the decrease 
in arthritogenic Thl7 cell differentiation, which, can directly 
damage joint tissues and provoke a vicious inflammatory cas- 
cade recruiting more inflammatory cells, such as neutrophils, 
into the battleground by producing IL-17 (13, 16). The major 
pathogenic T-helper subset in SKG arthritis was Thl7, and ef- 
fective inhibition of Thl7 differentiation by CP-690550 in this 
saidy was intriguing in that suppression of Thl cells with rela- 
tive sparing of Thl7 differentiation was our critical findings 
of the allogeneic graft versus host disease (GVHD) model 
treated with CP-690550 in our previous report, where the pre- 



dominant pathogenic effector helper-T subset was Thl (21). 
Thus CP-690550, through inhibition of multiple cytokine sig- 
naling, efficiently controlled the major pathogenic T-helper 
subsets in different disease models depending on the context 
of specific immunological derangements. 

Treatment of established autoimmune diseases needs to 
deal with activated/memory T cells which are more refractory 
to the treatment compared to naive unactivated T cells 
(33,34). The effectiveness of a wide variety of immunomo- 
dulating reagents has been well doaimented in which these 
reagents have been used at or during the disease induction 
phase. However, many reagents failed to work when they 
were administered to the well-advanced disease where ex- 
panded activated T cells prevailed (35). In this respect, the 
dramatic effect of CP-690550 on established arthritis is very 
impressive and quite promising in that most of the pathogenic 
autoreactive T cells are already activated at the time of diag- 
nosis in human autoimmune diseases (2,5,33). 

In this study, the long-term therapeutic effect of CP-690550 
even after cessation of drug infusion supports the long-lasting 
treatment effect of CP-690550 in an acute allogeneic GVHD 
model of our previous report, whose effect lasted over 60 
days following administration of CP-690550 during —2 to 12 
days of disease induction (21). At that time, we assumed that 
compromised receptor signaling by CP-690550 during naive 
T-cell activation could cause tolerance induction of allogeneic 
T cells which leads to long-term unresponsiveness of these 
cells to cognate antigens. In this study, however, we targeted 
fully activated pathogenic T cells and still obtained very dra- 
matic long-lasting effects. We are now investigating molecular 
and cellular mechanisms underlying these unexpected long- 
term therapeutic effects. 
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